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FLEXIBLE MANUFACTURE OF
POLYMERIC TUBING

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims priority to and the benefit of, and
incorporates herein by reference 1n its entirety, U.S. Ser. No.

61/821,039, filed on May 8, 2013, the entire disclosure of
which 1s hereby incorporated by reference.

TECHNICAL FIELD

The present invention relates to microfluidic channels and
methods for their manufacture, and more particularly to
conduits capable of accommodating fluid paths with tight

radin and varying cross-sections.

BACKGROUND

The need for ever-smaller pumping devices, particularly
in the medical field, continues to grow. As a result, the need
for increasingly small operational pump components 1is
growing as well, challenging the limits of conventional
manufacturing processes. As fluidic devices shrink, 1t 1s
necessary to manufacture fluidic paths with very tight radi
and varying cross-sections to fit within the device package.
Some of these cross-sections may not be round, and 1t may
be necessary to form fluidic connectors directly into the fluid
paths themselves.

Conventional manufacturing techniques have various
limitations. One approach to creating polymeric fluidic paths
1s to use photoresist to create a channel 1n a layered polymer.
Once the polymer has been layered over the photoresist, 1t

1s dissolved to leave a fluid channel; see, e.g., Jason Shih,
2008 “Microfabricated High-Performance Liquid Chroma-

tography (HPLC) System With Closed-Loop Flow Control,”
Ph.D. thesis, Department of Mechanical Engineering, Cali-
forma Institute of Technology. Another approach 1s to use
polymer extrusion to create small fluid channels; see, e.g.,
Lopez, Fernando L., 2011, “Micro-Sized Components for
Medical Extrusion,” Interface Catheter Solutions, Califor-
nia, USA. This 1s a standard method of fabrication for
catheters and other macro-scale tubes. Although varying
interior diameters and wall thicknesses are achieved by
manipulating extrusion speed and die configurations, shapes
such as tight-radius twists and bends are not easily repli-
cable. A third approach is three-dimensional (3D) wax
printing to create other types of structures for use 1n devices.
This approach has been used to create relatively large 3D
structures coated with very thin polymer layers; see, e.g.,
Feng, Guo-Hua and Kim, Eun Suk, 2003, “Universal Con-
cept for Fabricating Micron to Millimeter Sized 3D Parylene
Structures on Rigid and Flexible Substrates,” The Sixteenth
Annual International Conference on Micro FElectro
Mechanical Systems, 2003, pp. 594-597.

Unfortunately, conventional approaches such as these do
not readily allow for the creation of fluid paths of a tortuous
nature, having varying radn and minute dimensions, and
with a smooth fimish as necessary for long-term use, espe-
cially in implantable drug pumps. Smooth tluid paths within
an 1mplantable drug pump are generally necessary to avoid
or minimize structures that promote drug aggregation, to
reduce clogging, and to avoid long-term biofouling.

SUMMARY

Manufacturing techniques in accordance herewith are
capable of creating a wide array of fluidic paths that meet
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2

demanding design criteria. Although the following discus-
sion focuses on parylene (poly(p-xylylene)), 1t should be
understood that the invention 1s applicable to many polymer
systems, particularly those applied by vapor deposition, as
will be apparent to those skilled 1n the art.

In one aspect, the invention pertains to a method of
forming a tubular polymeric structure. In various embodi-
ments, the method comprises the steps of forming a convex
mold conforming to a fluid pathway design, the mold being
formed of a maternial soluble 1n a solvent; depositing a
coating of polymer over the mold to form a coated structure,
the parylene being unaffected by exposure to the solvent;
and 1 situ removing the mold by subjecting the coated
structure to the solvent. In some embodiments, the material
comprises or consists essentially of wax, whereas 1n other
embodiments, the material comprises or consist essentially
of a thermoplastic. The polymer may, for example, be
parylene. The method may further include trimming one or
more ends of the tubular polymeric structure to expose a
lumen thereof.

In various embodiments, the mold 1s formed by 3D
printing. For example, the mold may be formed 1nto a block
of support wax, in which case the method may further
comprise dissolving the support wax but not the wax mold.
In general, following deposition of the polymer, the mold 1s
dissolved with a solvent that does not dissolve the polymer.

In various embodiments, prior to deposition of the poly-
mer, the molds undergo a smoothing process. The smoothing
process may, for example, comprise or consist essentially of
passing a solvent vapor over the mold. Alternatively, the
smoothing process may comprise or consist essentially of
spin coating and baking photoresist over the mold. In still
another alternative, the smoothing process may comprise or
consist essentially of spray coating polyvinyl alcohol over
the mold.

In alternative embodiments, the method comprises the
steps ol forming a convex mold conforming to a fluid
pathway design; depositing a polymer coating over the mold
to form a coated structure; and 1n situ removing the mold by
heating the coated structure to a temperature suflicient to
melt the mold but which does not damage the polymer. In
some embodiments, the material comprises or consists
essentially of wax, whereas 1n other embodiments, the
material comprises or consist essentially of a thermoplastic.
The polymer may, for example, be parylene. The mold may
be formed by 3D printing.

In another aspect, the imvention relates to a method of
forming a parylene manifold structure. In various embodi-
ments, the method comprises the steps of forming a mold
having a cavity and, therein, a scaflold complementary to
one or more fluid paths, the mold and the scatiold being
formed of a material soluble 1n a solvent; filling the cavity
with a polymer and causing the polymer to harden, the
polymer being unaflected by exposure to the solvent; and 1n
situ removing the mold including the scafiold by subjecting,
it to the solvent.

In some embodiments, alignment features are formed 1n
the cavity. Following hardening of the polymer, the mold
may be dissolved with a solvent that does not dissolve the
polymer; alternatively (or in addition), following hardening
of the polymer, the mold may be melted at a temperature that
does not damage the polymer. Once again, the polymer may
be parylene, and the method may further include trimming
one or more ends ol the tubular polymeric structure to
expose a lumen thereof.

In yet another aspect, the invention relates to a method of
forming a tubular polymer structure. In various embodi-
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ments, the method comprises the steps of bending a wire to
conform to a fluid pathway design; depositing a coating of
polymer over the wire; and 1n situ removing the wire without
drawing 1t against the polymer. In some embodiments, the
wire 1s copper and the removing step comprises etching
away the wire by exposure of the coated wire to an etchant;
for example, the etchant may be ferrite chloride.

In some embodiments, the wire 1s made of a metal having,
a melting point lower than the melting point of the polymer
(which may, for example, be parylene). For example, the
wire may be Field’s metal. The method may further com-
prise the step of shaping a cross-section of the wire prior to
the depositing step.

As used heremn, the term “substantially” or “approxi-
mately” means+10% (e.g., by weight or by volume), and in
some embodiments, +£5%. The term *“consists essentially of”
means excluding other materials that contribute to function,
unless otherwise defined herein. Nonetheless, such other
materials may be present, collectively or idividually, in
trace amounts.

Reference throughout this specification to “one example,”
“an example,” “one embodiment,” or “an embodiment”
means that a particular feature, structure, or characteristic
described in connection with the example 1s included 1n at
least one example of the present technology. Thus, the
occurrences of the phrases “in one example,” “in an
example,” “one embodiment,” or “an embodiment™ 1n vari-
ous places throughout this specification are not necessarily
all referring to the same example. Furthermore, the particu-
lar features, structures, routines, steps, or characteristics may
be combined in any suitable manner in one or more
examples of the technology. The headings provided herein
are for convenience only and are not intended to limit or
interpret the scope or meaning of the claimed technology.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing will be more readily understood from the
tollowing detailed description of the invention, in particular,
when taken conjunction with the drawings, 1n which:

FIG. 1A illustrates the results of a layered fabrication
process for forming tubes 1n accordance with one embodi-
ment,

FIG. 1B shows a scaflold for production of multiple
similar tluid conduits 1n a single manufacturing sequence;

FIG. 2 illustrates fabrication of a solid manifold contain-
ing a fluid path 1n accordance with one embodiment; and

FI1G. 3 1llustrates fabrication of a branched-tube manifold
in accordance with one embodiment.

DETAILED DESCRIPTION

1. Wire Mandrel Method

In one embodiment, a method of tube manufacture uti-
lizes a metal (e.g., copper) wire to fabricate fluid paths with
very good control of iterior (lumen) dimension and excel-
lent surface finish. In a representative embodiment, the
process starts by cutting a length of copper wire having a
diameter equal to that of the intended tube mmner diameter
(ID). The length of the cut copper wire 1s typically much
longer than the length of tube being fabricated. IT desired,
the wire may be shaped using a pressing tool such as a jig
that has been machined to correspond to the desired lumen
geometry of the tube. For example, a wire with a round
cross-section may be pressed 1n a j1g so that 1ts cross-section
1s a triangle, square or other polygon. Of course, any suitable
machining (or other mechanical) techmque may be used to
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4

shape the wire, and indeed, wire having a desired cross-
sectional shape and diameter may be obtainable commer-
cially. Furthermore, other metals including platinum, tung-
sten, silver, and various alloys may be used 1n lieu of copper,
but copper 1s preferred because the copper and ferrite
chloride reaction does not generate gases as a byproduct.
This makes etching easier without an additional process or
the need to remove the gas generated by etching, which 1s
inconvenient and may operate to inhibit the etching process.

The wire with the required cross-sectional geometry may
be bent mto a shape corresponding to the desired fluid
routing path. The wire 1s then placed 1n a parylene deposition
chamber and a layer of parylene of desired thickness (e.g.,
20 um) 1s deposited thereon, for example, by vapor depo-
sition. After deposition, the parylene-coated wire 1s trimmed
of polymer at both ends to expose the copper. The trimmed,
coated wire 1s then placed 1n a solution that will dissolve the
wire without harming the polymer coating; for example, in
the case of a copper wire, a ferrite chloride solution can be
used, typically requiring up to 3 weeks to fully remove the
copper. At the end of the etching process only the parylene
tube remains. The parylene tube may then be trimmed to the
proper length for use.

This method allows for the creation of tubing with highly
accurate internal dimensions as wire with a specifically
engineered cross-section and consistent cross-section 1s used
in the process. In addition, since the wire may have excellent
surface finish, the resulting tube will have very smooth inner
surfaces. Unlike extrusion, this method results 1n a rigid tube
that 1s shaped to conform to the desired flmd path (as
opposed to having to shape a straight tube). It may also
create a tube with a round cross-section, which facilitates
casy fluidic connections. The copper wire may be pre-
machined to different cross-sectional shapes or varying radii
to create further intricate structures.

In a vanation of this approach, the wire 1s made of a
bismuth, indium, and tin alloy (generally 32.5% Bi1, 51% In,
and 16.5% Sn) called a Field’s metal. This soft metal can be
shaped arbitrarily, but melts at 62° C. Accordingly, 1nstead
of using a chemical solution to remove the metal, the
parylene-coated wire can be heated to the melting point of
the metal, which will simply flow out of the tube. Once
again, the wire may be pressed 1nto a jig to give the wire the
proper geometry, and following polymer deposition, the
wire 1s clipped at both ends to allow the metal to flow out in
the next step. A {ixture may be used for accurate trimming.
The coated wire 1s placed 1n an oven set for 62° C. and
oriented upright. When the metal reaches 62° C. 1t melts,
leaving only the polymer outer coating behind. The polymer
tube 1s then trimmed to length for use.

This method creates tubing with a highly accurate internal
diameter as wire with known tolerance 1s used 1in the
process. In addition, since the wire has excellent surface
finish, the resulting tube has very smooth inner surfaces.
Unlike extrusion, this method results 1n a rigid tube that 1s
shaped to the proper routing as opposed to having to aflix a
straight tube 1n the proper ornientation. It can be used to
create a tube with a round cross-section, which makes fluidic
connections very easy to make. Unlike the copper wire
method, the wire removal time 1s a matter of hours as
opposed to weeks.

2. 3D Mandrel Method of Tube Manufacture

A second manufacturing technique uses a matenal, such
as wax, soluble 1n an organic (typically nonpolar) solvent as
a 3D printing material to build a convex mold or scatiold
onto which a controlled-thickness layer of a polymer such as
parylene C 1s deposited; the polymer 1s unaflected by the
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solvent. As used herein, the term “wax’ refers broadly to any
lipid compound (or mixture of compounds) that 1s solid at
room temperature. Typically, the molecular structure of a
wax consists of or comprises long alkyl chains that may or
may not have functional groups, and that may include
intrachain linkages such as ester linkages Waxes may be
natural or synthetic, and may be a single component or a
blend of components. Furthermore, other materials such as
thermoplastics or organic mixtures may be used as the
printing material so long as they are soluble 1n a suitable
solvent. While the ensuing discussion refers to wax for ease
of explanation, it should be understood that these alternative
materials may be used 1nstead.

The geometry and cross-section of the structure may be
created by building up layers of wax to create any arbitrary
shape. Following deposition of the parylene onto the mold,
the wax 1s dissolved, leaving only the outer layer of depos-
ited parylene. The result 1s a tube of controlled wall thick-
ness and accurately controlled cross-section and geometry.

The wax scaflold may be formed 1n any suitable manner,
including, without limitation, molding, extrusion, or selec-
tive, layer-by-layer deposition onto a surface 1n a manner
that builds up a 3D structure—a process often termed “3D
printing.” This wax-scaflold approach to tube fabrication
allows for the manufacture of parylene tubes of arbitrary
cross-section and routing with very accurate dimensional
control. In a representative embodiment, illustrated 1n FIG.
1A, a 3D wax printer 1s used to build up the wax scafiold
within a block of support wax. The shape and size of a
desired cross-section 100 1s defined, and a series of flat,
clongated wax layers 110 (e.g., having a thickness of 6.35
um) 1s sequentially deposited. The layers 110 may follow a
tortuous path but along the dimension of deposition roughly
conform, collectively, to the cross-section 100—that 1s, the
layers 110 fit as snugly as possible within the envelope
defined by the cross-section 100.

Once printed, the resulting wax tube mold 120 has a rough
and stepped appearance from the layered addition of wax
material during the printing process. This can cause the
subsequently deposited polymer to be rough and opaque 1n
appearance. To improve the surface finish, a smoothing
process 1s desirably performed on the printed wax molds.
One such method 1s using a solvent vapor such as acetone to
smooth the tube molds. Using a convective air current to
pass a solvent vapor over the molds, the top layer of wax 1s
softened and reflows over the surface. The resulting mold
surtace finish 1s smooth without loss of the material.

The support wax melts at a lower temperature than the
deposited wax—1tor example, the support wax may be a wax
mixture (e.g., a naturally produced wax) while the deposited
wax may be parathin. The support block retains the printed
wax parts as they are built up in order to prevent them from
breaking apart prior to completion. Once the printing 1s
complete, the structure 1s heated to a temperature sutlicient
to melt the support wax but low enough to leave the printed
wax unailected (or, alternatively, the structure 1s subjected to
a solvent that dissolves the support wax but not the deposited
wax). For example, certain forms of bee’s wax melt at 30°
C., parathn may melt at approximately 53° C., and synthetic
waxes may have melting points as high as 75° C. Using
readily available equipment, 3D printing can be controlled
to an accuracy of 25.4 um and can fabricate a minimum

feature size of 254 um; suitable 3D printers include the

SOLIDSCAPE T76Plus device marketed by Solidscape
Inc., Merrimack, N.H. and the ProJet 3500 series of devices
marketed by 3D Systems, Inc., Rock Hill, S.C. The support
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block may 1tself be printed or may instead be molded in the
form of a block with a recess, the bottom surface of which
receives the deposited wax.

An alternative smoothing technique for the wax tube
molds utilizes a microelectromechanical system (MEMS)
approach. First, a photoresist such as SU-8 1s spin-coated
onto the printed wax molds. The solvent 1n the photoresist
acts to dissolve away any defects while the resist itself helps
to 111l the surface steps 1n the wax mold. Several 1terations
of the spin coating may be required to achieve the final
desired surface fimish. The resist 1s then baked on the molds
to evaporate the solvent and harden the resist. This step
creates an even surface finish over the entire mold surface
while maintaining the shape and size of the tube mold.

In specific applications, 1t may be desired to create a
slightly smaller-diameter tube. By increasing the solvent
composition, concentration, or spin coating time, the wax
tube may be reduced 1n size 1n a controlled fashion by, for
example, 5% or 10%. Such an approach can beneficially
reduce the size of the tube to dimensions below the capa-
bility of the wax printer while also smoothing the surface.
For example, a 200 um diameter structure may be out of the
range of the wax printer, which produces (for example) a
230 um structure with a rough surface of 10 um. By
increasing the photoresist contact duration, the wax mold
can be smoothed and reduced to obtain the target 200 um
diameter structure.

The second step addresses the opacity of the parvlene
alter deposition. After spinning and baking the SU-8 pho-
toresist, a thin layer of polyvinyl alcohol (PVA) solution
may be sprayed on the photoresist coated molds. The PVA
gives a shine to the molds that causes the deposited parylene
to be transparent. Several coats of PVA solution may be
required to achieve the desired shine on the wax molds.

The smoothing process may also be used for extra dimen-
sional control of the wax molds when, once again, the
required dimensions or tolerances cannot be created or
maintained by the wax printer itself. Allowing the SU-8
photoresist to remain on the surface of the mold before
baking for a longer time period will reduce the size of the
mold features. This facilitates incorporation of features that
are smaller than the mimimum size achievable using avail-
able 3D printing technology. Increasing the time the SU-8
photoresist remains on the mold during spinning from 10 up
to 20 seconds decreases the feature size by 10%-15% from
the 3D printed dimension. By adjusting this spin time, very
accurate dimensional changes and control can be achieved.

Once the mold 1s smoothed, it 1s placed in a parylene
deposition chamber in which a controlled thickness (e.g., 20
um) of a polymer (e.g., parylene C) 1s deposited on the
surface. After parylene deposition, the ends of the resulting
tubular structure are clipped to expose the wax on each end
to the outside environment. A fixture may be used for
accurate trimming. The structure 1s then placed 1n acetone or
another other suitable solvent to dissolve away the wax mold
from the inside. After 24-48 hours of soak time 1n acetone,
only the parylene outer layer remains.

Unlike other tube manufacturing methods, 3D printing as
described herein easily allows for production of tubes of
virtually any shape, diameter, and routing. FIG. 1B 1llus-
trates how a single scaflold 140 may be used to create a
plurality of tubes 1n a single batch run without additional
handling. The molds 150 for the individual tubes may each
be anchored to the scatiold 160 by a mold segment 170 that
produces a fludic connector. In use following fabrication, the
fluidic connector 1s used to connect the tubing segment to a
conduit (e.g., another tubing segment). The fluidic connector
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may have a specific cross-sectional geometry (e.g., ofl-
round, polygonal, etc.) to align and connect the tube to an
adjacent conduit.

The connector portion typically has a wider diameter than
the tube, which serves to sturdy the point of attachment to >
the scaflold 160, and in some embodiments, the mold
segments 170 flare where they are joined to the scatiold 160
in order to increase the surface area of contact with the
scaflold and provide further sturdiness to the mold, thereby
avoilding inadvertent removal of the molds during manufac-
ture. The flared segment may or may not be part of the
finished tube; that 1s, 1t may be cut away from the connector
or represent a part of 1t. For example, a comcally flared
connector portion can provide stress reliel when the tube 1s
connected to another conduit.

Following polymer application and cure, the resulting
polymer tubes may be cut away from the scatiold 160, and
the distal end of each tube may be removed to expose the
lumen. The tubes may be subjected to the action of a solvent »g
at this point, but 1n some embodiments, this occurs while the

molds 170 are still adhered to the scaftold 160, which resists

the action of the solvent that removes the molds 150 (and so
can be re-used). The wax printing method for tube produc-
tion provides highly accurate tubing structures with minimal 25
manual handling and manufacturing.

3. Solid Manifold Method of Tube Manufacture

The present mvention may be used to form a solid
manifold with internal fluid paths. A solid mamifold 1s
critical for some microfluidic configurations (e.g., modular
designs assembled from interchangeable fluid-path compo-
nents), and more generally ofler increased tubing strength,
case ol handling, and ease of component integration. By
utilizing the flexibility of wax printing technology, mani-
folds of nearly any configuration can be made. A represen-
tative fabrication sequence 1s shown in FIG. 2. First, a wax
mold 200 1s printed, molded or otherwise fabricated with an
internal cavity 210. Within the cavity 210, a wax structure
corresponding to the desired tubing configuration(s) 215 1s 4
printed. Next, the cavity 210 1s filled with a liquid form of
the material 220 that will compose the manifold, e.g., a

curable polymeric material such as parylene, silicone or
epoxy. After the material 220 1s cured (e.g., by exposure to
actinic radiation or e-beam, or simply by allowing 1t to dry 45
and harden), the wax 1s removed from the finished structure
to create the solid manifold 230 containing internal micro-
fluidic passages complementary to the wax structure 215.
The wax may be removed from the manifold 230 by heating
it to the melting point of the wax and allowing to tlow out 50
of the manifold (assisted by an air jet i1f needed), or by
subjection to a solvent for the wax. The more the manifold
1s cross-linked, the greater will be useful range of solvents,
since few solvents will harm a fully cross-linked polymer.
The original wax mold 215 may contain additional structural 55
teatures (pins, slots, indents, partial tubes, grooves, etc.) to
help align and connect the tube set with an adjacent com-
ponent during component 1ntegration.
4. Branched Tube Manifold Method of Tube Manufacture

As 1llustrated i FI1G. 3, a branched tube manifold may be 60
created to consolidate the number of connections as well as
reduce the space required for fluidic connections. In a
representative fabrication sequence, a wax mold 300 with
extensions along multiple fluidic paths 1s molded or printed.
The surface of the wax mold 300 1s preferably smoothed as 65
described above. Next, the wax mold 1s coated with a
polymer such as parylene to form a coated structure 310.
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Finally, the wax mold 1s heated or dissolved away, leaving
parylene tubing 320 conforming to the tluid path defined by
the mold 300.

Various embodiments of the invention are described
above. It will, however, be apparent to those of ordinary skill
in the art that other embodiments incorporating the concepts
disclosed herein may be used without departing from the
spirit and scope of the mvention. Accordingly, the above
description 1s intended to be only illustrative and not restric-
tive.

What 1s claimed 1s:
1. A method of forming a tubular polymeric structure, the
method comprising the steps of:
forming a convex mold conforming to a tluid pathway
design, the mold being formed of a material soluble 1n
a first solvent;
determining an amount of a size that the mold 1s to be
reduced;
determining at least one of a concentration of a second
solvent 1n a photoresist or a baking time of the photo-
resist based at least 1n part on the determined amount of
the size to be reduced:
performing a smoothing process by spin coating and
baking the photoresist over the mold so as to reduce the
s1ize of the mold based on the determined at least one of
the concentration of the second solvent or the baking
time of the photoresist;
depositing a coating of polymer over the mold to form a
coated structure, the polymer being unaflected by expo-
sure to the first solvent; and
in situ removing the mold by subjecting the coated
structure to the first solvent.
2. The method of claim 1 wherein the material 1s wax.
3. The method of claim 2 wherein the mold 1s formed 1nto
a block of support wax, and further comprising the step of
dissolving the support wax but not the wax mold.
4. The method of claiam 1 wherein the material 1s a
thermoplastic.
5. The method of claim 1 wherein the polymer 1s parylene.
6. The method of claim 1 wherein the mold 1s formed by
3D printing.
7. The method of claim 1 wherein the smoothing process
comprises spray coating polyvinyl alcohol over the mold.
8. The method of claim 1 further comprising trimming
one or more ends ol the tubular polymeric structure to
expose a lumen thereof.
9. The method of claim 1, wherein the mold undergoes
iterations of the spin coating to achieve a final surface finish.
10. A method of forming a tubular polymeric structure,
the method comprising the steps of:
forming a convex mold conforming to a fluid pathway
design;
determiming an amount of a size that the mold 1s to be
reduced;
determiming at least one of a concentration of a solvent 1n
a photoresist or a baking time of the photoresist based
at least 1n part on the determined amount of the size to
be reduced:;
performing a smoothing process by spin coating and
baking the photoresist over the mold so as to reduce the
s1ize of the mold based on the determined at least one of
the concentration of the solvent or the baking time of
the photoresist;
depositing a polymer coating over the mold to form a
coated structure; and
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in situ removing the mold by heating the coated structure
to a temperature suilicient to melt the mold but which
does not damage the polymer.

11. The method of claim 10 wherein the material 1s wax.

12. The method of claim 10 wherein the material 1s a
thermoplastic.

13. The method of claim 10 wherein the polymer 1s
parylene.

14. The method of claim 10 wherein the mold 1s formed
by 3D printing.

15. The method of claim 10 further comprising trimming
one or more ends of the tubular polymeric structure to
expose a lumen thereof.

16. A method of forming a polymer manifold structure,
the method comprising the steps of:

forming a mold having a cavity and, therein, a scaflold

complementary to one or more fluid paths;
determining an amount of a size that the mold 1s to be
reduced;

10

15

determining at least one of a concentration of a solvent 1n ¢

a photoresist or a baking time of the photoresist based
at least 1n part on the determined amount of the size to
be reduced:

10

performing a smoothing process by spin coating and
baking the photoresist over the mold so as to reduce the
size of the mold based on the determined at least one of
the concentration of the solvent or the baking time of
the photoresist;

filling the cavity with a polymer and causing the polymer

to harden; and

in situ removing the mold including the scafiold.

17. The method of claim 16 wherein alignment features
are Tormed 1n the cavity.

18. The method of claim 16 wherein the mold and the
scaffold are formed of a material soluble 1n a second solvent,
the polymer 1s unaflected by exposure to the second solvent,
and, following hardening of the polymer, the mold 1s dis-
solved with the second solvent that does not dissolve the
polymer.

19. The method of claim 16 wherein, following hardening
of the polymer, the mold 1s melted at a temperature that does
not damage the polymer.

20. The method of claim 16 wherein the polymer 1s

parylene.
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